During the Persian Gulf War approximately 700,000 individuals were exposed to genotoxic hazardous materials (GHM) (42, 42a, 51) . The GHMs to which these individuals were exposed included low-level chemical warfare agents, investigational drugs (including pyridostigmine bromide, which is used as a prophylactic agent against nerve agents), organophosphate, carbamate, and other pesticides and insect repellents. Other occupational and environmental contaminants included low levels of nuclear and electromagnetic radiation, toxic combustion products from oil-well fires, diesel exhaust products, and airborne particulates. A significant proportion of the Persian Gulf War veterans (GWVs) developed a pattern of symptomatic health disorders that have been referred to as Persian Gulf War-Related Illnesses (42) . The pattern of illness is reasonably consistent: rash, fatigue, muscle and joint pain, headache, irritability, depression, unrefreshing sleep, gastrointestinal and respiratory disorders, and cognitive defects (22) . These Gulf War Syndrome (GWS) disorders were recently defined as a clinical entity (16) .
We elected to test for polyribonucleotides in the sera of GWVs on the basis of several considerations. Most GWVs received oral poliovirus vaccine before deployment to the Persian Gulf. Persistent enterovirus infection has been implicated in the chronic fatigue syndrome (18) , one of the major health disorders of GWS. Clements et al. (8) reported that enterovirus-related sequences persisted in the sera of patients with the chronic fatigue syndrome. The availability of primers (14) to the nontranslated sequences of most enteroviruses and to the P2-P3 junction of oral polioviruses provided a means to test whether enterovirus sequences persisted in the sera of GWVs. We used a reverse transcriptase (RT) PCR (RT-PCR), described in this report, to detect amplicons (RT-PCR amplicons [RPAs] ) in the sera tested. We report that amplicons that were 750 bp or larger occurred in the sera of GWVs but not in the sera of healthy nonmilitary controls. Two amplicons (of 414 and 714 bp) unique to GWVs were sequenced. They contained short segments homologous to regions of chromosome 22q11.2, a hot spot for genetic rearrangements and mutations.
MATERIALS AND METHODS

RT-PCR.
Sera from peripheral blood specimens were obtained after the provision of informed consent from 24 veterans with GWS (Rheumatology Clinic, Veterans Affairs, Northern California Health Care System, Martinez, Calif.) who had been deployed to the Persian Gulf approximately 5 years previously. The major signs and symptoms in the 24 GWVs with GWS were rash (n ϭ 20), muscle and joint pain (n ϭ 20), headache depression irritability (n ϭ 19), gastrointestinal and respiratory disorders (n ϭ 18), chronic fatigue syndrome (n ϭ 17), posttraumatic stress disorder (n ϭ 12), and cognitive losses (n ϭ 6). Combinations of these symptoms occurred in all but one veteran. Blinded serum samples from 50 healthy nonmilitary subjects were obtained from life insurance applicants (Osborn Laboratories, Lenexa, Kans.). For the most part, the subjects were matched by age, sex, and race. They ranged in age from 26 to 56 years. All sera were separated from clots immediately after blood was drawn and were used for RT-PCR within 48 h. To prevent cross contamination, separate facilities dedicated to specimen processing, PCR amplification, and amplicon detection were used. RNA from 0.25 ml of the sample was extracted in a laminar flow hood with 0.75 ml of TRIZOL LS reagent (Gibco BRL, Gaithersburg, Md.). RNA was precipitated with 10 g of RNase-free glycogen as a carrier. Both methods were performed as specified by the manufacturer. Precipitated RNA was washed once with 70% ethanol by centrifugation at 4°C, resuspended in 10 l of RNase-free distilled water, and added to 17 l of the RT mixture (GeneAmp RNA PCR kit; Perkin-Elmer, Norwalk, Conn.) containing MgCl 2 (5 mM), 1ϫ PCR Buffer II, RNase inhibitor (2.5 U), murine leukemia virus RT (2.5 U), random hexamer primers (2.5 M), and 1 mM each dATP, dGTP, dCTP, and dTTP. Poliovirus Sabin type 1 RNA (National Institute for Biological Standards and Control, Hertfordshire, United Kingdom) was used as a positive control. RT was omitted from the reaction mixture for the negative control. The RT mixture was incubated for 10 min at 22°C, 30 min at 42°C, and 5 min at 95°C with a Perkin-Elmer thermocycler. The RT mixture was then added to the top of a hot-start PCR, with a melted Ampliwax bead (Perkin-Elmer) used as the barrier. Cloning and sequencing. Sera from three different veterans were processed on three different days. The PCR products were run on and excised from a 2% NuSieve GTG low-melting-point agarose gel (FMC BioProducts, Rockland, Maine). The bands were blunt-end cloned with the Prime PCR Cloner Kit (5 PRIME-3 PRIME, Inc., Boulder, Colo.) according to the manufacturer's specifications. Sequence analysis was performed with the automated sequencer from ABI PRISM (Operon Technologies, Inc., Alameda, Calif.).
Statistical analysis. A 2-by-2 contingency analysis (see Table 1 ) was done by using Graphpad InStat software (Graphpad Program Software, San Diego, Calif.).
GenBank Search. All GenBank and EMBL searches were done with the DNASTAR Lasergene CD-ROM and software (release 103, November 1997; DNASTAR, Madison, Wis.). Homology searches were performed with 2 through 6 k-tuples with window sizes of 11 to 100 nucleotides (nt). Homology searches for 14 nt or higher were done by starting with position 1 and continuing through to the last 14-nt segment of each amplicon. All sequences with 100% homology were recorded and are presented in Table 2 .
Nucleotide sequence accession numbers. The sequences of the 414-and 759-nt sequences derived from sera from patients with GWS were placed in the GenBank database under accession nos. AF100637 and AF100636, respectively.
RESULTS
Sera from 24 deployed GWVs and 50 serum samples from healthy nonmilitary controls were tested for RPAs. Figure 1A shows the presence of multiple bands in the sera from GWVs. The pattern was typical for most veterans, i.e., the occurrence of several bands in the 300-to 750-bp regions accompanied by discrete bands with sequences longer than 2,000 bp. These band patterns were detected by RT-PCR but not by direct PCR, implicating the presence of RNAs and not DNAs in the sera. Figure 1B shows a representative gel in which sera from seven healthy nonmilitary controls were tested. Only a few distinct bands were found. There were no bands larger than 450 bp. The results for 24 veterans and 50 healthy controls (Table 1 ) indicate the differences in the occurrence of RPAs in the two cohorts.
Two bands in the gel regions of ca. 400 and 750 bp that occurred only in the sera of GWVs were isolated, cloned, and sequenced. Figure 2 presents the consensus sequence data for isolates from three different veterans. Each of the 414-and 759-nt sequences from the three different isolates had approximately 99% homology. The 414 and 759-nt GWS sequences contained several initiation and stop codons (open reading frames) that could code for small polypeptides. Neither the 414-nor 759-nt sequences had direct homologies to sequences in GenBank. In analogous studies with sera from approximately 30 patients with active multiple myeloma (13), we detected RPAs that were related to chromosome 22q11.2. We therefore elected to search the chromosome 22q11.2 database for homologies to the 414-and 759-nt sequences. Several short segments of 15 nt (15mer) and 14 nt (14mer) were found. Table 2 shows that three 15mer and eight 14mer segments of the 759-nt sequence had 100% homology to sequences in chromosome 22q11.2. One 14mer segment, from positions 377 to 390 (Fig. 2 and Table 2 ), was identical for GWVs 2 and 3 but differed by two nucleotides for GWV 1. The 14mer from GWVs 2 and 3 had 100% homology with a segment in the sequence with GenBank accession no. HSF4G12. The 14mer from GWV 1 had 100% homology with a segment in the sequence with GenBank accession no. HSN38E12. The gene sequences from GenBank accession nos. HSF4G12 and HSN38E12 are both located on chromosome 22q11.2. Six of 11 RPA segments were located either within an Alu region (12) , between Alu and other repeat regions, or as segments flanking an Alu region. Five 759-nt segments occurred only in the chromosome 22q11.2 region. Two 14mers of the 759-nt sequence were located proximal to the immunoglobulin lambda lightchain variable-region genes. For the 414-nt sequence, there were two 15mer and four 14mer segments that also had 100% homology within the 22q11.2 region. However, these six segments also occurred at sites on other chromosomes. Interestingly, unique 15mer segments were not found in any chromosomal region other than 22q11.2.
DISCUSSION
The pattern of RPAs (polyribonucleotides) found in sera from GWVs was distinct from that found in sera from the nonmilitary cohort. Moreover, RPAs larger than 450 bp did not occur in the sera from healthy controls. The frequencies of occurrence of RPAs homologous to the poliovirus P2-P3 junction sequences and the enteroviral nontranslated region were not significantly different in the two groups ( Table 1 ). The gels shown in Fig. 1 disclosed many bands larger than 2,000 bp in the sera of GWVs. No attempt was made to resolve or to characterize them at the molecular level. Such studies are in progress. Analysis of the 414-and 759-nt sequences showed that they are not related and that the 414-nt sequence is not a degradation product of the 759-nt sequence.
In attempting to understand the pathogenesis of GWS, the challenge has been to explain the diversity of the signs and symptoms typical of the disorder. A traditional approach of invoking a single cause is not applicable because it fails to accommodate three basic considerations. First, the etiology of the disease is multifactorial (49) . Thus, different groups of signs and symptoms very likely have different causes. Second, exposure to environmental genotoxins during the Persian Gulf War likely caused an interaction among causative factors, thus affecting expression of signs and symptoms in given individuals. Third, and consistent with multifactorial diseases in general, the genetic and physiologic diversity of the affected population is in accord with the spectrum of disease expression seen. These concepts are known to be relevant to a number of chronic multifactorial diseases such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, and insulindependent diabetes mellitus. For such diseases it has been essential to identify the individual causative factors, to weigh the contributions of each to the overall clinicopathologic picture, to determine how they interact in various population (Table  2) . Enteroviral primers are underlined.
groups, and to evaluate the effects of different environmental influences.
The notions outlined above reflect our approach to an analysis of GWS. First, we sought to determine whether enterovirus infection could be a contributory factor in the pathogenesis of GWS. Molecular studies that have used PCR technologies have indicated persistent enterovirus infection in myalgia and myositis (54), dermatomyositis and polymyositis (5, 43), neuromuscular disease (28, 37) , and the chronic fatigue syndrome (18) . The signs and symptoms of these disorders are common in GWS. Moreover, enterovirus infection is known to cause a variety of immunologic and autoimmune disorders (9, 17) . Immunologic disorders appear to make up an important component of the signs and symptoms of GWS. Studies of immunologic abnormalities in GWS, similar to those done for the chronic fatigue syndrome (4), appear to offer an important approach in an analysis of the pathogenesis of the disease.
To the best of our knowledge this is the first report of the occurrence of nonviral RPAs in the sera of subjects with a multifactorial chronic disease. We consider four central questions: (i) the possible origin(s) of the polyribonucleotides (amplicons) found in sera, (ii) the possible role(s) of chromosome 22q11.2 in the pathogenesis of the GWS, (iii) whether environmental genotoxins may have played a role in its pathogenesis, and (iv) the possible diagnostic value of detecting RPAs in the sera of patients with chronic diseases.
Identification of the possible origin(s) of the RPAs in sera is an important consideration. Since the occurrence of nonenterovirus RPAs in the sera of GWVs and controls was unexpected, we were concerned that they might have been PCR artifacts. Specific steps had been taken to minimize this possibility (see Materials and Methods). Two separate lines of evidence indicate that the RPAs described here were not artifactual in origin: (i) we developed a non-PCR, total RNA assay that independently confirmed that RNA species occur in the sera of patients with chronic diseases; and (ii) studies of approximately 30 patients with active multiple myeloma and 152 healthy controls by the described RT-PCR assay disclosed the occurrence of unique RPAs, e.g., GenBank accession no. AF018254, in test sera. Accordingly, our data suggest that individual chronic diseases may be characterized by the consistent occurrence of unique RPAs in the sera of patients with the individual chronic diseases.
An explanation of how polyribonucleotides could persist in the sera without being degraded is also needed. A reasonable account comes from the work of Wieczorek et al. (52) , who reported that RNAs in the sera of patients with a variety of malignancies persisted as RNase-resistant RNA-proteolipid complexes. Salmon and Seligmann (45) referred to the occurrence of RNAs in the sera of patients with multiple myeloma. We recently confirmed and extended these findings (13) . We detected a 705-bp segment homologous to the flanking region of the peroxisome proliferator-activated receptor exon 4 sequence located on chromosome 22q11.2. We are testing whether RPAs found in sera were derived from diverse tissue and cellular origins. These experiments are based on the clinical observation that immunologic abnormalities appear to be commonplace in GWS. In addition, Koga et al. (25) reported that uninfected thymocytes from healthy humans contained elevated amounts of heterodisperse RNA. Such heterodisperse RNA may be released into the circulation as a result of thymocyte apoptosis. Presumably, such RNAs would be protected from RNase degradation because of a physical association with cellular debris, as described by Wieczorek et al. (52) . This None of the RPA sequence data disclosed homologies to enterovirus or poliovirus sequences. Since only a fraction of the RPAs observed in gels were sequenced, we do not exclude the possibility that some of them were enterovirus related. We assume that the RPAs that were sequenced are direct transcripts of recombinant sequences, although direct experimental proof is still required. Both the 414-and 759-nt RPAs, which were found only in the sera from the three GWVs tested, had short 14mers or 15mers ( Table 2 ) that were 100% homologous to chromosome 22q11.2 segments. These findings suggest that abnormalities in chromosome 22q11.2 are involved, either directly or indirectly, in the pathogenesis of GWS. This does not mean that chromosomal regions other than 22q11.2 are not involved. Nonetheless, it appears that the GWS may be added to the list of diseases in which abnormalities in chromosome 22q11.2 are involved. These include the recently defined chromosome 22q11.2 deletion syndrome (46, 48) , juvenile rheumatoid arthritis-like polyarthritis (47), idiopathic thrombocytopenic purpura (29) , and hypoparathyroidism (3). In fact, deletion from chromosome 22q11 is the most common microdeletion (36) . Interestingly, up to 60% of subjects (36, 53) with such deletions suffer from behavioral or psychiatric disorders. Also of note, chromosome 22 appears to be involved in the so-called Goldenhar complex (21, 24) , a birth defect possibly associated with GWS (19) . The mechanisms involved in embryonic development and 22q deletion disorders are now being defined at the molecular level (33) .
The occurrence of hot spots for genetic deletions, translocations (6), and rearrangements, e.g., immunoglobulin lambda light chains (15, 44) , in chromosome 22q11.2 is recognized widely. Such hot spots may be particularly sensitive to adverse genotoxic effects of environmental GHMs encountered during service in the Persian Gulf War. Studies with animal models (2) suggest that combined or multiple exposures to GHMs may have a synergistic genotoxic effect, thus causing some of the symptoms seen in GWS.
The juxtaposition of the detected RPA sequences with Alu sequences in chromosome 22q11.2 also may be relevant to the pathogenesis of GWS. The contemporary notion that Alu sequences are "junk DNA" is not consistent with the accumulating evidence that Alu sequences become transcriptionally active when cells are exposed to physiologic insults such as infection with DNA viruses (10, 40) or human immunodeficiency virus type 1 (23, 25) or when cells are induced to express heat shock proteins (7). Liu et al. (32) reported that cells stressed by exposure to cycloheximide or puromycin "rapidly and transiently increased the abundance of Alu RNA." We postulate that the expression of RNAs of Alu sequences, their flanking regions, and their recombinants in response to GHMs may be a supplemental mechanism for detoxification of GHMs (11, 38) . Such Alu-Alu recombinants are generated by both extrachromosomal and chromosomal genetic mechanisms (20, 27, 31, 35, 39, 41) . In addition, Makalowski et al. (34) described the role of Alu sequences in generating diverse proteins. Such diverse proteins may also contribute to autoimmune reactivities in patients with GWS and possibly other chronic disorders.
The possible roles of the detected RPAs in the pathogenesis of GWS are unknown. Nonetheless, their occurrence makes available markers that can be studied for possible pathophysiologic effects. The biological activities of such molecules can be significant. Krieg (26) reported that specific CpG Alu-rich DNA (30) sequences in the plasma of patients with systemic lupus erythematosus may play an important role in the pathophysiology of the disease. Interestingly, chromosome 22 is rich in CpG islands. In addition, Abken et al. (1) reported that novel mouse cytoplasmic DNA sequences immortalized human lymphocytes in vitro. Such studies provide a paradigm for GWS.
The patterns of the occurrence of RPAs in the sera of GWVs and healthy controls are sufficiently distinct to suggest possible future diagnostic applications. Sufficiently large numbers of subjects need to be studied (50) to determine the sensitivities and specificities of such tests. Our studies of patients with active multiple myeloma (13) suggest that patients with individual chronic multifactorial diseases may have unique RPAs in their sera. Validated tests for such putative surrogate markers may aid in the diagnosis of such diseases or in the evaluation of responses to therapeutic modalities.
